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A method for investigating the optical properties of human tissues is suggested. The method is
based on the measurement of Cherenkov radiation produced by relativistic electrons passing
through the tissue. Monte-Carlo simulation of visible photon emission and propagation is carried
out taking into account multiple electron and photon scattering processes. Sensitivity of the
Cherenkov radiation to the optical characteristics of human tissues is demonstrated.
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1. Introduction

The tissues of human body are translucent to visible
light in the red and infrared region. This optical
property has been used to develop a new method for
diagnosing and treating some diseases.1 The actual
experimental investigation of the optical features of
human tissue have been carried out in several works.
For example, measurement of the angular distribu-
tion of the transmitted and re°ected light from an
optical source located outside the human tissue have
been done.2,3

The main di±culties of these studies are associ-
ated with the large elastic scattering ability of
human tissue. Typically, the free path of light
photons with wavelength 600–1000 nm in human
tissue ranges from 0.01 to 0.1mm.4 In order to de-
termine refraction index, absorption coe±cients,
albedo and other optical features, it is necessary
to use extremely thin layers of tissue, and locate
photodetector at di®erent angles, considering the
incident angles of the initial light beam. However,
preparing tissue samples reduces the accuracy of the
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experimental data, and complex optical systems do
not allow \in vivo" measurements of the optical
characteristics.

The application of the Cherenkov light for radi-
ation therapy dosimetry has been discussed and
analyzed in several recent publications.5–10 It was
concluded that the Cherenkov emission is suitable
for surface dosimetry applications.7

In the present paper, we suggest the use of
Cherenkov radiation produced by relativistic elec-
trons for investigation of optical properties of human
tissues. Since the features of Cherenkov radiation are
well known, use of the Cherenkov radiation as a
source of visible photons for the investigation of
human tissue has several advantages:

(1) The intensity and spectrum of the emitted pho-
tons are a simple function of the refraction index.

(2) Cherenkov radiation is an internal source of
photons. Hence, there is no di±culty associated
with photon's re°ection at the tissue surface.

(3) It is possible to vary the \position" of the pro-
duced Cherenkov source of light by changing
the electron's energy.

(4) It is possible to generate short light pulses in
order to distinguish the true signal against the
background.

(5) It is possible to investigate the spatial distri-
bution of optical characteristics in the human
tissue.

(6) Alternatively, if the optical properties of the
human tissue are known, it is possible to study
electron's passage through the media.

In this paper, we carry out the theoretical in-
vestigation of Cherenkov light emission by an elec-
tron passing through human tissue. A numerical
statistical simulation method is used to study the
propagation of electrons and photons in human
tissues, taking into account multiple electron and
photon scattering processes. The theoretical model
is described in Sec. 2. The results of the numerical
simulation are discussed in Sec. 3.

2. Theoretical Model

2.1. Generating light photons by the

electrons

Let us assume that the refraction index of human
tissue is nð!Þ, where ! is the frequency of the light.

Typical values of nð!Þ for photons with wave-
lengths 600–1200 nm are 1.3–1.5.4 The energy of
Cherenkov radiation emitted by an electron with
energy Ee traveling a distance dx is given by the
formula11:

dW

dx
¼ e

c

� �
2
Z

1� 1

ð�nð!ÞÞ2
� �

!d!; ð1Þ

where the direction of propagation of photons is
de¯ned by the angle �� with respect to the direction
of the electron momentum such that

cosð��Þ ¼
1

�nð!Þ ; ð2Þ

where � ¼ v=c is the relativistic electron velocity.
Let us consider Cherenkov radiation produced

by an electron beam with an initial energy of E 0
e .

For simplicity, we assume that the target is a slab
of thickness D. In order to carry out a statistical
simulation of an electron traveling through mat-
ter, we use the Moliere theory of multiple scat-
tering.12,13 According to Ref. 12 we can describe
the angular distribution F ð�Þ of electrons with
energy Ee traveling a distance T in the slab, by
the formula:

F ð�Þ2��d� ¼ 2 exp � 2
� �þ F1ð Þ

B

�

þ F2ð Þ
B2

þ � � �
�
 d ;

ð3Þ

where � is the angle between the initial and ¯nal
directions of the electron, and  is an internal
dummy angle related to � as follows:

 ¼ �

�e

ffiffiffiffi
B

p ; ð4Þ

where the functions F1, F2, �e, and B depend
on the electron energy Ee, the slab thickness T ,
the charge number Z, the atomic number A, and
the density of the target �. Numerical values of
the functions F1 and F2 are tabulated in Ref. 12.

First, we calculate the maximum possible range
for an electron with energy E 0

e in human tissue,
using the equation:

Le ¼
Z

dEe

� dE
dx

� � ; ð5Þ
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where the continuous energy losses ð�dE=dxÞ is
given by the formula12:

� dE

dx

� 	
¼ 0:153�

Z

A� 2
ln

E E þmc2ð Þ2� 2

2I 2 mc2ð Þ
� 	�

� ð2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� � 2

p
�1þ � 2Þ ln 2þ 1�� 2

� �i
:

ð6Þ
In order to satisfy the conditions claimed by

Moliere's theory,12 we divide the maximum range Le

into N di®erent layers each of thickness T

T ¼ L

Nl

; ð7Þ

where Nl is varied from 20 to 50 depending on the
initial energy of the electron.

The algorithm of the statistical simulation con-
sists of a sequence of steps for each layer. Consid-
ering the ith layer, we start by calculating the
energy Ei and the momentum Pi of the electron as it
passes through the layer. Then, we determine the
number of Cherenkov photons with energies rang-
ing from E� to E� þ dE� emitted by the electron in
that layer:

dN

dE�

¼ e

c

� �
2
T

Z
1� 1

ð�nð!ÞÞ2
� �

!d!

E�

: ð8Þ

The Cherenkov photons are emitted at an angle
�� with respect to the momentum direction of the
electron (see Eq. (2)), but with di®erent azimuthal
angles ��, chosen via

�� ¼ 2�� �; ð9Þ
where � is a uniformly distributed random num-
ber on the interval ½0; 1�. Finally, we watch the
fate of each Cherenkov photon created in that
layer.

2.2. The propagation of light in human
tissue

To study all optical properties of human tissue is a
very complicated task. However, a simple model can
be used to describe the propagation of unpolarized
light in human tissues.4 In this model, optical
properties can be described in terms of the refractive
index nð!Þ, the total attenuation coe±cient �ð!Þ,
albedo að!Þ, and the mean cosine of the photon
scattering angle gð!Þ.

In di®used media, the angular distribution of the
scattered photons is given by the Henyey–Green-
stein formula14:

Sð�sÞ ¼
0:5 1� g2ð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ g2 � 2g cosð�sÞð Þ3
p ; ð10Þ

where �s is the scattering angle. Recall that g is
de¯ned as mean of cosð�sÞ. The total attenuation
coe±cient � is de¯ned as the sum of the attenuation
coe±cients for scattering (�s) and the absorption
(�a) processes:

� ¼ �s þ �a; ð11Þ
where �s ¼ 1=Ls, an Ls is the photon mean free
path for scattering, �a ¼ 1=La, La is the photon
mean free path for the absorption. Albedo is given by

a ¼ �s

�s þ �a

¼ La

La þ Ls

: ð12Þ

The parameters nð!Þ, �, a, and g depend on the
photon energy and the type of tissue. We would like
to note that inelastic photon scattering has not been
taken into account. In fact, in the wavelength range
under consideration (600–1200nm), the probability
of inelastic photon scattering is rather small.

To simulate the travel of Cherenkov photons
through a di®used media we use the Monte–Carlo
method. Firstly, we use the procedure described in
Sec. 2.1 to calculate the initial conditions (the
number, coordinates, and direction of propagation)
of Cherenkov photons emitted by the electrons.
Then, using the random number generator, we
determine the coordinates of the scattering (or
absorbing) center. Finally, the Henyey–Greenstein
angular distribution (Eq. (10)) is used to calculate
the scattering angle ��. This procedure is repeated
until the photon will be absorbed or escaped from
the slab.

3. Results and Discussion

Figures 1–6 show the results of the numerical
simulations for the number of photons of energy
between 1–2 eV, resulting from one electron, and
their dependence on the initial electron energy E 0

e ,
the attenuation coe±cient �, the mean cosine g,
and the thickness of the slab D. We point out
that the electron source is located outside of the slab
and that the values of some of these optical para-
meters are chosen to be within the typical range of
values of human tissue for red and infrared light.2
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For example, we have ¯xed the albedo a ¼ 0:99, and
the refraction coe±cient nð!Þ ¼ 1:33. For simplicity,
we do not take into account the dependence of the
optical characteristic on !.

Figures 1 and 2 demonstrate the dependence of
the number of transmitted photons Nt and re°ected
photons Nr per electron on the attenuation coe±-
cient �. It can be seen that the number of trans-
mitted and re°ected photons are rather sensitive to
the attenuation coe±cient �.

Figure 3 shows that the number of photons
transmitted through the target is enhanced as the
mean cosine of the scattering angle increases
while the number of re°ected photons decreases. It
should be recalled that in the case under simulation,
Cherenkov photons are emitted by the electron
beam which is normal to the surface of the slab.

Figure 4 illustrates the strong dependence of the
number of photons before and after the target on
the target thickness.

Finally, Figs. 5 and 6 demonstrate the sensitivity
of the number of transmitted and re°ected photons

on the energy of the incident electron for two slab
thicknesses.

The results demonstrate that the number of
transmitted and re°ected photons per electron with
energy 1–2MeV range from 1 to 200. Modern pho-
tomultiplier tubes exhibit quantum e±ciencies of
greater than 10%. Let us assume that about 105

electrons penetrate into the human tissue. In this

Ee

Ee

N
r

Σ

Fig. 2. Intensity of re°ected photons versus the attenuation
parameter, for E 0

e ¼ 1:6MeV and E 0
e ¼ 1:3MeV (a ¼ 0:99,

g ¼ 0:98, D ¼ 5:0mm).

Ee

Ee

N
t

Σ

Fig. 1. Intensity of transmitted photons versus the attenuation
parameter, for E 0

e ¼ 1:6MeV and E 0
e ¼ 1:3MeV (a ¼ 0:99,

g ¼ 0:98, D ¼ 5:0mm).

N
t

N
r

Fig. 3. Dependence of the number of transmitted and re°ected
photons on the mean cosine of scattering angle (E 0

e ¼ 1:6MeV,
� ¼ 10:0mm�1, a ¼ 0:99, D ¼ 5:0mm).

N
t

N
r

Fig. 4. Dependence of the number of transmitted and re°ected
photons on the thickness of the target (E 0

e ¼ 1:9MeV,
� ¼ 10:0mm�1, a ¼ 0:99, g ¼ 0:98).

Ee

N
t

Fig. 5. Transmitted photons through a slab of thickness D ¼
5:0mm and D ¼ 10:0mm and their dependence on the electron
incident energy (� ¼ 10:0mm�1, a ¼ 0:99, g ¼ 0:98).
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case, about 106 photons will be emitted. This
amount will be enough to be detected with high
statistical accuracy. It is easy to estimate that 105

electrons with average energy 1.5MeV will create
equivalent dose less 20 	Gy. This equivalent dose is
far less than that annual dose due to natural radio-
activity. For this reason, the suggested method may
be applied for \in vivo" measurements of the optical
features of human tissue.

4. Conclusions

The possibility of a new method for studying the
optical properties of human tissue using Cherenkov
emission of visible or infrared light by relativistic
electrons has been investigated.

Statistical simulation shows that the number of
photons before and after the target is rather highly
sensitive to the optical properties of human tissue.
Using this fact, it is possible to measure the
intensity of the Cherenkov photons produced by
relativistic electrons with di®erent energies to
determine the optical constants of human tissue,
and vice versa.

We suggest that this method could be utilized to
serve as an important source of information about
the optical properties of human tissue. We suggest
that this method could be served as an important
source of information about optical properties of
human tissue as well as about radiation dose from
relativistic electrons.
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